Collective scattering measurements have been conducted on the plasma of a Hall thruster, in which the electron density fluctuations are fully characterized by the dynamic form factor. The dynamic form factor amplitude distribution has been measured depending on the k-vector spatial and frequency components at different locations. Fluctuations are seen as propagating waves. The largest amplitude mode propagates nearly along the cross-field direction but at a phase velocity that is much smaller than the Ē ϫ B drift velocity. Refined directional analysis of this largest amplitude mode shows a thin angular emission diagram with a mean direction that is not strictly along the Ē ϫ B direction but at small angles near it. The deviation is oriented toward the anode in the ͑Ē , Ē ϫ B ͒ plane and toward the exterior of the thruster channel in the ͑B , Ē ϫ B ͒ plane. The density fluctuation rate is on the order of 1%. These experimentally determined directional fluctuation characteristics are discussed with regard to the linear kinetic theory model and particle-in-cell simulation results.
I. INTRODUCTION
Plasma thruster operation derives from large velocity, electrically accelerated beam ions. One way of creating the needed long-range, large electric field without depleting the source plasma is to prevent electron motion along the electric field. Hall thrusters provide such a drag effect by means of an applied magnetic field across the E-field. 1 Electrons are then constrained by their cyclotron motion not to move along the E-field, while heavy ions are not affected by the relatively weak B-field. The remnant electron mobility along E remains a subject of concern, since this mobility is found to be larger than expected, namely, from electron-wall collisions. 2 The plasma in such an Ē ϫ B configuration with unmagnetized ions and magnetized electrons is in an unfamiliar state. Whatever the electron Ē ϫ B drift velocity, the kinetic theory analysis 3 predicts unstable electrostatic waves, the modified electron ion two-stream instability, at wavelengths on the order of the electron gyroradius. These waves are likely to grow to a level large enough to affect the electron cyclotron trajectories. Particle-in-cell simulations show that this plasma indeed drives large amplitude electron fluctuations at these scales. 4 Probe measurements mostly in the plasma edge have shown fluctuations at these frequencies, 5 without giving their spatial scale. Only collective light scattering permits observation of both temporal and spatial structure of volume electron fluctuations. This is why a first experimental campaign 6 has been led on a 5 kW class Hall thruster and proved the existence of wave-type fluctuations with defined dispersion relation and scale law. The detailed frequency profile, the position dependence, and the very fine structure of fluctuations in the wave-vector space were investigated in a second collective scattering experimental campaign whose account is the object of the present paper.
II. THE COLLECTIVE SCATTERING DIAGNOSTIC

A. Principles
A laser beam of wave-vector k i is incident on the plasma from the left side ͑Fig. 1, top͒. A detector situated in the far distance receives both the light scattered from the plasma electrons ͑of wave-vector k s ͒ and the light of a reference colinear beam. The received signal is a product of the propagating wave electric fields and the local electron density integrated over the interaction volume. The electromagnetic phase fronts are shown as modulated amplitudes, in gray. Their phase composition is seen as a Moiré figure. The spatial integration results in a spatial Fourier analysis of the electron density distribution with a wave-vector k defined as k = k s − k i . The radial intensity distribution of each cylindrical beam is Gaussian with an efficient scattering rms radius of w / 2 ͑where w is the Gaussian beam waist͒. The beam intersection defines a cylindrical lozenge with a scattering sensitivity rms radius w / ͑2 ͱ 2͒ and a large diagonal rms length ᐉ = w / ͑ ͱ 2͒.
An optical bench, PRAXIS, was built for the purpose of investigating electron density fluctuations in Hall thrusters. PRAXIS uses a CO 2 infrared, single mode laser with a dc power of about 40 W. The primary beam and local oscillator beam have Gaussian power density profiles. Following the previous collective scattering experiment campaign, the waist is increased from 2.5 to 2.9 mm in order to observe larger fluctuation wavelengths, and a cylindrical tube optical filter is inserted in the beam path to improve the circular symmetry. With a waist of w = 2.9 mm, the actual power sensitivity rms radius is 1.45 mm. The scattering angle may be varied from 7 to 22 mrad, with the corresponding k scattering wave number changing from 4000 to 13 000 rad/m. The finite volume size results in a wave number resolution ⌬k = ͱ 2 / w = 490 rad/ m ͑in directions perpendicular to the primary beam axis͒. The scattering plane may be continuously rotated so as to change the analyzing wave-vector direction in a 320°sector, in the plane perpendicular to the primary beam axis.
B. Sensitivity
The scattered light is detected by a high quantum efficiency ͑ = 0.6͒ detector by way of a sensitive superheterodyne scheme, which uses a local oscillator beam downshifted by 40 MHz from the primary beam. A double mixer quadratic demodulation circuit provides both the real and the imaginary parts of the detected signal. This complex signal is recorded by two parallel 14 bit, high-speed ͑50-100 MHz͒ analog-digital converters and stored in buffers of 6.5ϫ 10 6 samples.
The scattered signal is measured as a fluctuating current j that depends on the analyzing k-vector k and on the time t, j͑k , t͒. This current can be related to the plasma density fluctuations via a numerical time Fourier analysis
and the signal frequency spectral density I͑k , ͒,
The electron density mean square fluctuations are defined using the dynamic form factor expression S͑k , ͒,
The dynamic form factor is related 6, 7 to the signal frequency spectral density I͑k , ͒ by
where , , w, and P o are the laser frequency, wavelength, beam waist, and power, respectively, r o is the electron Thomson radius, n o the mean plasma density, and L the observed volume length. I ph ͑͒ is the photonic noise spectral density measured by the same device as the signal spectral density I͑k , ͒, but when the plasma is off.
C. The collective light scattering diagnostic applied to the thruster
The diagnostic is set up to investigate the PPSX000 Hall thruster, a 5 kW class thruster made by SNECMA and tested in the PIVOINE facility. As with thrusters of this type, the electron mobility along the extracting E field is restricted by a transverse magnetic field B. The plasma region is the annular volume between concentric cylinders of diameter 100 and 150 mm. Inside this volume a radial ͑inward͒ B field and an axial E field are applied.
The thruster operates using xenon gas at a typical flow rate ⌽ of 18 mg/s, a discharge voltage V of usually 300 V, and a radial B field ͑usually oriented inward, as shown in Fig. 2͒ whose magnitude is in the range of 0.015 T on the thruster exit, inner cylinder face.
A schematic of the scattering device in front of the thruster is shown in Fig. 2 . Three orthogonal projections are shown in Fig. 2 : side view ͑2a͒, front view ͑2b͒, and view from below ͑2c͒. The E-field is along the 0xЈ axis, the B-field is radial and inward.
The thruster front view ͓Fig. 2͑b͔͒ shows the thruster as an annular, dark gray area, where O is the thruster ͑outer face͒ center. The observation volume is shown as the lozenge-shaped, light gray region, with its center shown as OЈ. The rms lozenge length is ᐉ. As , the scattering angle is changed from = 7 to 22 mrad, ᐉ changes ͑decreases͒ from 293 to 93 mm. The same lozenge is seen from below the thruster in Fig. 2͑c͒ at a distance x from the thruster exit plane.
The observation volume center position OЈ with respect to the thruster center O is defined by ͑x , y , z͒ coordinates in the ͑O , xЈ , yЈ , zЈ͒ system, where OxЈ is the thruster axis, OyЈ is the vertical axis, and OzЈ is the other horizontal axis ͑par-allel to, and upstream of, the optical beam͒. The optical system can be moved with respect to the thruster; for each experiment the position is defined by its OЈ center coordinates. Observations have been made at a distance x =16 mm ͑Secs. III and IV͒ or x =12 mm ͑Secs. V and VI͒ from the front face. Most observations have been made at the thruster center ͑y =0͒, while a few were made at the top ͑y = 62.5 mm͒ or at the bottom ͑y = −62.5 mm͒ positions. A special series of observations ͑Sec. VI͒ has been made at a smoothly changing height y above or below the center. Figure 2͑a͒ shows the observation volume as a circular cross section at the horizontal distance x and the vertical shift y from the center of the thruster exit plane. Position z is usually close to the origin, but a particular experiment ͑Sec. IV͒ has been performed in which z is varied.
The scattering wave-vector k is in the xOy plane with two components k x and k y ; k can be rotated in this plane with its orientation defined by the angle ␣ = ͑Ox , k͒. The angle ␣ can be rotated a full 360°but with a blind interval between Ϫ20°and 20°.
III. SPATIAL SCALE AMPLITUDE DISTRIBUTION AND DISPERSION RELATION OF THE Ē Ã B MODE
As observed by the collective scattering device, fluctuations in the thruster can be characterized by their intensity and frequency distribution as a function of the wave-vector ͑modulus and direction͒. The thruster is operated at a ⌽ of 18 mg/s; V of 300 V and with B oriented inward ͑as in Fig.  2͒ , with an intensity of 0.021 T at the thruster exit. In this case, the axial ͑ion-extracting͒ E-field intensity is E =10 4 V / m, as measured by laser-induced fluorescence. 8 The observation volume crosses the thruster axis ͑y =0͒ but the observation center position z along the 0zЈ axis is not precisely defined, so that the observed region includes both channels situated at the 03h00 and 09h00 positions of the thruster face ͓viewed from the outside as in Fig. 2͑b͔͒ . The wave-vector angle with respect to the 0x axis is ␣ = −90°, i.e., k is oriented downward. The distance x from the scattering region axis to the thruster output plane is 17 mm, near where the Ē ϫ B fluctuation intensity was observed to reach a maximum. 
A. Frequency spectrum
The scattered signal frequency spectrum is made of welldefined lines. Two families of such spectra are obtained according to the orientation of the wave-vector. When k is vertical ͑along 0yЈ͒, i.e., it is parallel to the thruster azimuthal direction, two peaks are observed at nearly symmetrical frequencies but of unequal amplitudes. This is shown in Fig. 3 where a typical frequency spectrum is plotted for k = 4000 rad/ m. The larger amplitude is obtained with the negative frequency peak where the frequency at maximum is Ϫ2.96 MHz. The vertical axis is the normalized frequency spectrum amplitude or the dynamic form factor ͑in units of seconds͒.
The peak profile of the most intense, negative frequency peak is more precisely investigated in Fig. 4 . The negative 
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The peak center frequency is f o = −2.96 MHz and the rms width ⌬ f = 0.963 MHz.
The experimental line profile departs significantly from this Gaussian: it is skewed and the measured amplitude is larger on the left wing and smaller on the far right one. Figure 4 also shows the frequency spectral resolution ͑dotted line͒ that is expected for plane waves propagating at a constant group velocity v g observed in a finite volume; this frequency resolution is expected to be a Gaussian distribution with a rms frequency width ⌬f = ͑⌬k / 2͒ · v g = 0.327 MHz ͑see Sec. III B͒. The experimental frequency width is about three times the expected width.
The fluctuation propagation direction can be obtained from both the orientation of k and the superheterodyne detection circuits. These are such that positive frequencies correspond to fluctuations propagating in the same direction as k. The main peak of negative frequency therefore corresponds to waves propagating vertically upward. It remains to be determined where the fluctuations are principally situated ͑on which side of the thruster͒ and in which direction they propagate with respect to the Ē ϫ B direction. This determination will be obtained from the observations reported later in Sec. IV.
B. Dispersion relation
With the wave-vector k oriented in the OyЈ ͑Ē ϫ B , azimuthal͒ direction, the frequency spectrum is observed as the wave number is changed. The k-number is changed from 4000 to 12 200 rad/m. The peak frequency is seen to change almost linearly with k ͑Fig. 5͒.
The wave numbers can be normalized to the drift cyclotron wave number k c ,
In these conditions k c = 3.93ϫ 10 3 rad/ s, and the explored normalized wave number k / k c range goes from 1 to 3.1, i.e., from the first to the fourth harmonics of the drift cyclotron wave number. The data of Fig. 5 can be fit to a straight line; the slope defines a group velocity of 4.21 km/s. The error bars that are shown on the graph correspond to the frequency Gaussian fit rms width on each side of the peak.
The frequency range is below the ion plasma frequency; in this region, a linear wave frequency variation with wave number is a familiar behavior of ion acoustic waves. The ion acoustic wave group velocity is ͱ eV th / m i . By equating the measured group velocity to this expression, a plasma electron temperature is obtained as T = 24.3 eV. It must be borne in mind, however, that ion acoustic waves are not expected to propagate strictly perpendicular to a magnetic field.
These fluctuations might not, however, correspond to the single frequency linear behavior associated with a single wave number with constant phase velocity. This is evident from the experimental frequency profiles. The limited observation volume of collective scattering with the waist w results in a ͑Gaussian͒ wave number resolution ⌬k = ͱ 2 / w.
This k-resolution in a fluctuation field satisfying a linear dispersion relation of group velocity v g leads in turn to the simultaneous observation of different waves of frequencies comprised within a Gaussian profile of rms width of ⌬f = ⌬kv g / ͑2͒, which is the same whatever k. The large difference between the resolution frequency width and the experimental frequency width shown in Fig. 4 is a sign that the fluctuations do not follow a univocal dispersion relation.
C. Form factor
At a particular wave number value, the signal spectrum is integrated over its frequency range to yield the ͑static͒ form factor S͑k͒,
Again, the observation region is centered on the thruster axis ͑y =0͒ and k is aligned with OyЈ, i.e., along the E ϫ B direction. The form factor associated with the negative frequency peak is shown in Fig. 6 as a function of the wave number. The form factor reaches a value of 5.10 4 at the smallest wave number in the accessible range. The semilog plot shows an exponential decrease with a characteristic length of 0.51 mm. It is also possible to fit the same data as a straight line on a log-log plot, in which case a k ␥ variation is found appropriate with a negative power exponent ␥ Ϸ −4.
This diagram is not quite that expected of usual fluid turbulence data. No maximum is seen in the k-accessible range. If such a maximum exists at a production range, the wave number at this position should be smaller than 4000 rad/m ͑and the associated wavelength is longer than 1.6 mm͒. The power index is not a usual Kolmogorov exponent. More meaningful is the decay rate length that is found in the semilog plot: it is the cyclotron radius for electrons in the 10 eV temperature range. 
IV. SPATIAL REPARTITION OF THE E Ã B FLUCTUATIONS BETWEEN OPPOSITE SIDES OF THE THRUSTER CHANNEL
The smallness of the scattering angle implies an observation region that is longer than the thruster diameter ͑Fig. 2͒, and thus the scattered signal contains contributions from both 03h00 and 09h00 sides of the thruster plasma. These contributions are obtained with different sensitivities. When the observation center OЈ is moved along the z axis, the relative sensitivity changes and a comparison of the different spectra obtained might indicate the source of the different spectrum components.
For this observation, the intersection of the primary and reference optical beams is changed step-by-step along the Oz axis by a displacement of the primary beam. The primary beam direction and intersection ͑scattering͒ angle are kept unchanged and the reference beam kept immobile. A scattering angle = 17.5 mrad was chosen as a compromise for the rms observation length ͓ᐉ = w / ͑ ͱ 2͒ = 117 mm͔ to be as small as possible compared to the thruster diameter ͑150 mm͒ while simultaneously ensuring a large enough scattered signal amplitude.
The form factors associated with the negative and positive frequencies of spectra such as in Fig. 3 are plotted in Fig. 7 as a function of each OЈ ͑z͒ crossing position. Open ͑blue͒ circles correspond to the negative frequency peak amplitude and ͑red͒ crosses correspond to the positivefrequency peak amplitude.
Each set of values of form factor amplitude is fit with a Gaussian distribution along the z axis, centered at a position z j , with rms width j and amplitude A j ,
The best Gaussian fit to the negative frequency form factor data is centered at z 1 = −5.6 cm with a rms width 1 = 11.8 cm ͑blue dotted line͒; the positive-frequency form factor distribution is fit with a Gaussian centered at z 2 = 11.1 cm of width 2 = 13.1 cm ͑red dashed line͒. The center positions are near the expected channel center positions ͑Ϫ6.25 and +6.25 cm, respectively͒ with a few centimeters shift within the observation center position precision.
The distance between the two maxima ͑z 2 − z 1 = 16.7 cm͒ is near or slightly larger than the thruster outer diameter. The two widths 1 and 2 are very near the width ᐉ of the optically defined observation region.
Four conclusions can be drawn from these observations:
• In the collective scattering signal frequency spectrum, the negative frequency peak corresponds to fluctuations localized at the near ͑09h00͒ side of the thruster, while the positive-frequency peak originates from fluctuations on the far ͑03h00͒ side.
• Positive-frequency fluctuations propagate along k, i.e., vertically downward, and are located in the 03h00 side. In the same side, the Hall drift Ē ϫ B / B 2 ͑where Ē is along Ox and B is radial inward͒ is vertical and also downward. Conversely for the 09h00 side, the Ē ϫ B direction and the direction of propagation of the fluctuations are upward. For the most part, fluctuations are thus propagating along the Hall current ͑although at a much smaller velocity͒.
• The widths j are very near the predicted intersection length ᐉ. That means the spatial extent of fluctuation along the thruster radius is much smaller than the intersection length, probably on the order of, or smaller than, the channel thickness ͑2.5 cm͒.
• The distance between the two distribution maxima is of the order of, or larger than, the external thruster diameter: fluctuations seem to be more localized on the thruster external periphery.
Previous observations have suggested that fluctuations of both negative and positive frequencies could be simultaneously present in the same channel side ͑see Ref. 6͒. If this were to be true, the contributions to the amplitude of a given ͑positive or negative͒ peak could originate from the two sides.
circle͒ peak amplitudes with the sum of two Gaussian distributions of the same width ᐉ, but with one centered at z 1 = −5.6 cm ͑at 09h00, the most likely position of these negative frequency fluctuations͒ and the other at z 2 = 11.1 cm ͑03h00͒. A slightly better fit to the experimental data is obtained this way. The ratio of the two Gaussian distribution amplitudes is 0.15, indicating the likely presence in the same ͑09h00͒ channel of two oppositely propagating fluctuations.
In order to appreciate the appropriateness of these fits, a quality parameter was defined as
where S expt is the experimental form factor value at each measurement z position and S fit is the analytical function value at the same position. For uncorrelated data with the same mean and mean square, = ͱ 2.
The "two-Gaussian" fit -value is 0.10 and the singleGaussian value is 0.15. This means a good accuracy for the Gaussian fit and an even significantly better fit with the twoGaussian.
The two Gaussian fit was also checked for the positivefrequency peak. Its z profile is fit as the sum of two Gaussian distributions of the same width ᐉ centered at the same z 1 = −5.6 cm and z 2 = 11.1 cm positions. The most intense peak is found to be that at z 1 . The amplitude ratio between the z 2+ and the z 1+ centered peaks is found to be 0.22. The two Gaussian fit -value is 0.12, instead of the = 0.15 value for the single-Gaussian case.
The plausible simultaneous presence of counterpropagating waves in the 03h00 and 09h00 channels opens up the possibility of there being a standing wave in the azimuthal direction, with a wavelength that is one-half that of our observed waves, i.e., in the millimeter range. These standing waves can be related to the observation of axially oriented, periodic erosion streaks on the inner and external ceramic channel rims with a similar periodicity.
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V. ANGULAR EMISSION DIAGRAM OF THE Ē Ã B FLUCTUATIONS IN THE "Ē , Ē Ã B … PLANE
One-dimensional particle-in-cell simulations simulations of the plasma thruster have predicted intense fluctuations propagating in the cross-field ͑Ē ϫ B ͒ direction ͑see Adam et al. 4 ͒, and previous observations ͑see Tsikata et al. 6 ͒ have confirmed the existence of such fluctuations. Nevertheless, the thruster plasma is three-dimensional, and the fluctuation structure might also be three-dimensional. Two-dimensional simulations in the ͑Ē ϫ B , Ē ͒ plane 11 have already shown a shift of the propagation direction, with the propagation mostly along the Ē ϫ B axis but with a small component propagating antiparallel to Ē . In addition, PIC simulations have assumed the fluctuations to be strictly uniform along B .
These hypotheses and findings are worth checking by using the directional properties of collective scattering.
In this ͑and a later͒ experiment the laser beams are perpendicular to the thruster axis and cross it ͑y =0͒ horizontally at a distance ͑x =12 mm͒ from the thruster output plane. The gas flow rate is 18 mg/s, the radial magnetic field intensity ͑on the inner wall channel, outer thruster edge͒ is 0.021 T and oriented inward ͑as in Fig. 2͒ . The discharge current and voltage are 17 A and 300 V, respectively. The wave number is 5930 rad/m. For each analyzing k-vector direction the scattered signal frequency spectrum is made of two lines of almost symmetric ͑positive and negative͒ frequencies but different intensities. The frequency integral of each line is recorded as the form factor. The wave-vector direction in the ͑Ē ϫ B , Ē ͒ plane, characterized by the angle ␣ = ͑Ox , k͒ ͑see Fig. 2͒ , is changed by 5°steps. The form factor of the positive and negative frequency peaks for each value of ␣ is determined and shown in Fig. 8 .
As seen before, positive-frequency fluctuations propagate in the direction of k. The angular observation region corresponds to an orientation in which k is principally downward. The thruster region where Ē ϫ B is also downward is the far 03h00 channel. Thus, the positive-frequency data apply to fluctuations localized at 03h00. Their amplitude distribution is shown as red crosses. Conversely, the negative frequency amplitude angular distribution ͑shown as blue open circles͒ relates to fluctuations localized in the near 09h00 thruster side.
The two distributions are fairly sharp and oriented dif- In this way, the true plasma fluctuation beam angular widths are found to be tru− = 2.11°and tru+ = 4.13°. These are a sharp angular extent, much smaller than the angular deviation from the Ē ϫ B direction which is on the order of 10.6°.
In conclusion, plasma fluctuations are observed as concentrated in a sharp, oblique beam structure in the ͑Ē , Ē ϫ B ͒ plane. A similar fact has been observed in PIC simulations ͓see Adam et al., 4 Fig. 11͑c͔͒ , but the mechanism underlying this systematic deviation is yet to be found.
VI. ANGULAR EMISSION DIAGRAM OF HALL FLUCTUATIONS IN THE "E Ã B , B… PLANE
The Ē ϫ B electron drift current is expected to drive a strong instability of longitudinal waves propagating in the drift direction perpendicular to the magnetic field. Any deviation of the propagation direction toward the B-field direction is expected to lead to a strong electron Landau damping, 11 and thus the most unstable waves should propagate perpendicular to B. This property is worth exploring by looking at the fluctuation sensitivity to the k-component parallel to B .
The collective scattering optical axis is always horizontal and the analyzing k vector is in the ͑x0y͒ plane, while the thruster B-field is radial ͑see Fig. 2͒ . To scan the fluctuation spectrum variation with k r , a natural observation setup would be to place the thruster in such a position that the optical axis crosses the upper ͑or lower͒ channel: y =+/ −a ͑where a is the mean thruster channel radius, a = 62.5 mm͒. These positions would correspond to the observation volume crossing the thruster face at the 12h00 and 06h00 positions, respectively. In these cases, changing the k-orientation ͑␣ angle͒ provides a scan in the ͑k x , k r ͒ plane. In this plane, however, k is always perpendicular to the E ϫ B drift direction, and Hall fluctuations cannot be detected. Another setup is more appropriate: positioning the optical axis at a small height y above the thruster axis with k oriented vertically. A small k-component along B then appears as
In addition, and as needed for this k r fluctuation exploration, the instrumental definition of the analyzing k horizontal ͑along Oz͒ component is very sharp: it is inversely proportional to the beam intersection length ᐉ ͑⌬k z Ϸ 1 / ᐉ Յ 5 rad/ m͒. Thus, by positioning step-by-step the optical axis at different heights y, the analyzing k vector is moved into the ͑k r , k ͒ plane, which is the desired exploration plane for fluctuations near the Ē ϫ B ͑k ͒ direction in the ͑Ē ϫ B , B ͒ plane with a convenient resolution.
The scattering intersection region is set up at a distance y from the thruster axis, while the direction and modulus of k are kept constant at ␣ = −90°͑near vertical͒ and k = 5930 rad/ m. For each y coordinate, the angle of −k with respect to the Ē ϫ B direction in the ͑Ē ϫ B , B ͒ plane is referred to as
The height y is changed by steps of ⌬y = 5 mm. The fluctuation spectrum integration over the negative frequencies gives the form factor in the near 09h00 side. Conversely, the integration over positive frequencies gives the form factor in the opposite 03h00 side. The variation of form factor with height y ͑noted in units of angle ␤͒ is shown in Fig. 9 .
The negative frequency fluctuations form factor variation shows a dissymmetric, fairly broad angular distribution, with a distinct maximum situated at a positive angle ␤ M = 80 mrad, i.e., k r Ϸ 475 rad/ m. Another experiment done at a different k ͑k = 5190 rad/ m͒ and different ␣ ͑␣ = −80°͒ shows a maximum at the same ␤ position with about the same width. The observed angular half width is on the order of 0.1 rad and the corresponding width of the k-component along the B-field is ⌬k Ϸ 520 rad/ m. This is to be compared to the k r resolution due to the finite observation length along the z-axis ͑⌬k r1 = ⌬k z Ϸ Յ 5 rad/ m͒ and to the natural width ⌬k r2 of radial fluctuations located between the inner and outer thruster diameters: for a channel width a = 25 mm, the latter width is ⌬k r2 = / a Ϸ 120 rad/ m. Both resolution limits are smaller than the observed shift and width.
The shift toward positive ␤ ͑positive y͒ values is also significant. The ␤-precision depends on that of the height y, which is obtained as a difference between two heights, that of the thruster axis and that of the input-output symmetrical, optical window axis, both heights being measured with respect to the vacuum vessel inner bottom wall. The rms precision of this y height is thus estimated as ⌬y Ϸ 2 mm. The resulting precision for the angle at maximum is ⌬␤ M = 32 mrad, which is smaller than the observed positive shift ␤ M = 80 mrad.
It is worth describing the direction of this anisotropy in some detail. Since k is vertical and downward ͑Fig. 2͒, a positive ͑upward͒ shift y ͑or ␤͒ in the 09h00 channel means a radially inward k r component; since, in addition, the open ͑blue͒ dot series that shows a maximum in Fig. 9 concerns negative frequency fluctuations, the propagation direction is opposite to k, i.e., radially outward. In the present setting, this radially outward direction is also opposite to the radially inward B-field. The positive-frequency fluctuations are located in the 03h00 channel side. Their propagation direction is upward. As ␤ is increased, the k r component on this side becomes positive, and the propagation direction is more and more radially inward. As shown in Fig. 9 , the amplitude of these fluctuations ͑red crosses͒ decreases. As for the negative frequency fluctuations, this behavior indicates that a position where the amplitude reaches a maximum should exist when the propagation direction is outward.
These observations in the ͑Ē ϫ B , B ͒ plane show that electron fluctuations propagate in a beam, the axis of which is near the azimuthal ͑Ē ϫ B ͒ axis, but deviated by an angle of 0.08 rad toward the thruster exterior ͑antiparallel to B ͒ direction, with an angular half width of about 0.1 mrad.
VII. TWO-DIMENSIONAL ANGULAR DISTRIBUTION OF THE E Ã B MODE AMPLITUDES NEAR THE E Ã B DIRECTION
Since the angular propagation distribution in the two ͑Ē ϫ B , Ē ͒ and ͑Ē ϫ B , B ͒ planes has been observed as dissymmetric, a systematic two-dimensional investigation in the ͑Ē , B ͒ plane has been undertaken. For this purpose, the integrated over negative frequencies form factor variation with the k x component ͓or with the angle ␣ in the ͑Ē ϫ B , Ē ͒ plane͔ is plotted for each of three different k r components ͓angle ␤ in the ͑Ē ϫ B , B ͒ plane͔. The wave number is kept constant at k = 5190 rad/ m. The three ␣ plots correspond to three heights: y = −5, 5, and 15 mm ͑␤ = −80, 80, and 240 mrad, respectively͒. These are shown in Fig. 10 .
Save for their different amplitudes, the three experimental distributions are fitted to nearly the same Gaussian distribution with maximum positions situated within 1°of one another ͑−74.9°Ͻ ␣ M Ͻ −76°͒ and rms widths within 3% of one another ͑5.8°Ͻ Ͻ 6°͒. These widths are very near the experimental resolution of 5.4°. When this resolution effect is taken into account as a convolution, the corrected actual width is again found in the range of 2.16°Ͻ a Ͻ 2.70°. The fluctuation spectrum deviation and angular width in the ͑Ē ϫ B , Ē ͒ plane thus do not depend on the k-component along the magnetic field.
For the same wave number k = 5190 rad/ m, a scan of the form factor variation with y ͑␤͒ with a small step of ⌬y =2 mm ͑⌬␤ = 32 mrad͒ is done at a constant angle ␣ = −80°. The behavior is the same as that shown in Fig. 9 , where ␣ = −90°with a maximum at ␤ = 0.08 rad and a total width at half maximum on the order of 0.2 rad. This ␤ distribution then is independent of ␣.
A three-dimensional form factor distribution can then be built in the ͑␣ , ␤͒ plane. This is the product of a Gaussian ␣-distribution ͑at the weighted mean angle ␣ M = −75.6°or 1.32 rad, with a rms width a = 2.52°or 0.022 rad͒ with a maximum amplitude of that of the Gaussian fit obtained at k = 5190 rad/ m, ␣ = −75.6°, and ␤ = 0.08 rad ͑shown as a full line in Fig. 10͒ times the experimentally deter- mined ␤-distribution normalized to its maximum at ␤ M ͑y =5 mm͒. The resulting distribution is shown in Fig. 11 . The main directions of the Hall mode are seen as significantly shifted from the Ē ϫ B direction and without circular symmetry. The shift of the direction of the maximum amplitude mode from the Ē ϫ B axis is ⌬␣ = 0.25 rad in the ͑Ē ϫ B , Ē ͒ plane and ⌬␤ = 0.08 rad in the ͑Ē ϫ B , B ͒ plane.
The form factor sharp angular distribution is best seen in spherical coordinates as a radiation diagram. The coordinates of Fig. 11 have been converted to the polar spherical angles and according to
The length of the radial coordinate is made proportional to the form factor. The radial coordinate is oriented along the propagation direction, which is not along k, but instead along −k, since the mode frequency is negative. In this way, the radiation diagram of fluctuations with wave number k = 5190 rad/ m is shown in Fig. 12 as perspective views along different lines of sight. Figure 12͑a͒ is an oblique view while Fig. 12͑b͒ is a projection on the ͑Ē ϫ B ,−Ē ͒ plane and Fig. 12͑c͒ on the ͑Ē ϫ B ,−B ͒ plane.
The vertical axis corresponds to the Ē ϫ B direction.
The fluctuations are seen concentrated in a sharply localized, pencil-shaped fluctuation region. The main direction is near to, but not aligned with, the ͑vertical͒ electron drift Ē ϫ B axis, and deviated more toward the direction ͓toward −Ē , Fig. 12͑b͔͒ than in the direction ͓toward −B ,  Fig. 12͑c͔͒ . The hollow structure may also be observed in Fig. 12͑b͒ . 
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VIII. INTEGRATED ELECTRON DENSITY FLUCTUATION AMPLITUDE
The total squared electron density fluctuation is obtained as an integral of the form factor distribution over the entire wave-vector space,
The form factor distribution characteristics have been revealed by the present series of experiments: a wave number exponential decay at a rate d = 0.68 mm ͑Fig. 6͒, a sharp pencil-shaped directional distribution with a Gaussian profile in the direction of rms width ⌬ = 0.022 rad, and a broad distribution in the direction with a total width ⌬ = 0.20 rad ͑Figs. 11 and 12͒. The maximum amplitude at k = 0 is taken as that of Fig. 6 experiment ͑where ␣ and ␤ angles were not optimized͒, multiplied by the amplitude ratio between the maximum form factor in Fig. 10 and the form factor obtained at the same wave number in Fig. 6 . In this way the k-space integration can be performed as This result is about 150 times that obtained in a previous estimate 6 from a form factor measurement, where the fluctuation wave-vector orientation was not optimized. If the mean plasma density is assumed to be n o = 3. Together with the form factor distribution in the k-vector space, this numerical value fully specifies the observed electron density fluctuating field at the output of the Hall thruster.
IX. CONCLUSIONS
Collective scattering measurements performed in the Hall thruster output plasma provide the electron fluctuation field characteristics as quantified, calibrated, and specific. The fluctuation spatial scale is on the order of the electron Larmor radius or larger. The frequency-wave number distribution is near that of a linear ion acoustic wave dispersion relation. Electron density fluctuations are contained in a very sharply oriented, directional diagram. The radiation beam is near the Ē ϫ B direction but significantly deviated from this azimuthal axis, namely, by 10°inward the thruster in the −Ē field direction and 4.6°outward the thruster in the −B field direction. The radiation beam angular rms opening is 2.5°. The total relative fluctuation rate amounts to about a percent.
Fluctuations at this scale propagating along the Ē ϫ B axis were expected from linear theory as well as from nonlinear PIC simulations. However, the newly observed significant deviations from these theoretical expectations may contribute to a better understanding. The nonuniform E and B field spatial distribution might significantly affect the wave dispersion relation. The deviation in the E field direction should be investigated in relation to the ion beam velocity distribution function, and the deviation in the B field direction might play a role in the relevant electron susceptibility. These deviations are also likely to play an important role in the electron transport, since nonaxially directed electrostatic modes are likely to be resonant with a large class of particles, both ions and electrons, thereby facilitating velocity and space diffusion.
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